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One Of the well-established antiviral mechanisms in- 
duced by interferon (1FN) Is the inhibition of initiation of 
protein synthesis due to the phosphorylation of the 
small subunit of eukaryotic initiation factor 2a (elF-2a) 
by the interferon-induced Pi kinase (/, 2). Vaccinia 
virus (W) has been shown to be resistant to I FN (3. 4) 
8 nd capable of rescuing IFN-sensitive viruses from the 
effects of IFN by somehow reducing the level of eiF-2a 
phosphorylation (5, 6). The complete nucleotide se- 
quence of the W genome (7, 8) has revealed an 88- 
amino-acid long open reading frame (ORF), designated ■ 
as K3L which has 28% identity to e!F-2a over an 87- 
amino-acid region (Fig. 1 ). This report presents the gen- 
eration of a W mutant. vP872, in which the K3L ORF 
has been specifically deleted in order to evaluate the 
relevance of this W gene to the IFN-resistant pheno- 
type (3, 4). Monitoring both virus-induced protein syn- 
thesis and viral yields in mouse L929 {or human MRC- 
5) cells pretreated with increasing concentrations of 
mouse a/0 (or human tymphoblaatoid) IFN suggests a 
correlation between the presence of the K3L gen© and 
the IFN-resistant phenotype. 

The amino acid sequence of the K3L ORF identified 
in the Copenhagen strain of W (VC-2) (7, 6) is com- 
pared to the amino acid sequence of e1F-2a (S> in Fig. 
1 . The W K3L ORF has the potential to encode a 1 0.5- 
kDa protein, whereas eIF-2a has a calculated molecu- 
lar mass of 36.1 kDa< Significantly, the highly homolo- 
gous 87-amino-acid overlap region spans the amino- 
terminal portion of elF-2a and includes the senne 
residue (amino acid 51) known to be phosphorylated 
by the interferon-induced Pi kinase (JO). 

Generation of the W deletion mutant, vP872 ( by m 
vivo recombination (/ 1) was accomplished using dele- 
tion plasmid pK3Lgpt wherein the Escherichia colt 
hypoxanthine-guanine phosphoribosyl transferase 
(Ecogpt) gene completely replaces the K3L coding re- 
gion in the wild-typo virus. VC-2. Southem'blot analysis 
of viral DNA derived from the wild-type and K3L dele- 
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tton mutant vP872 was used to confirm the specific 
deletion of the K3L gene. DNA from wild-type (Fig. 2; 
lanes 1 < 3, 5, and 7) or deletion mutant vP872 (Fig. 2; 
lenes 2, 4, 6. end 8) was digested with Wndlll, fraction- 
ated on an agarose gel. and transferred to a nylon 
membrane for analysis by hybridization. The resultant 
autoradiograms obtained by hybridization with radios 
beled total wild-type DNA (VAC). K3L-specific probe 
(K3L), HindW K-specific probe [Hind K). or Ecogpt-spc- 
cific probe (GPT) are shown in Fig, 2. Hybridization with 
total radiolabeled wild-type DNA demonstrated that 
the only HindVl fragment altered during the deletion of 
the K3L ORF was the 4.6-kbp HinMi K fragment (Rg. 2; 
lanes 1 and 2). The substitution of the K3l ORF with 
Ecogpt using plasmid pK3Lgpt results in the introduc- 
tion of two additional Hind\\\ sites flanking the Ecogpt 
expression cassette. Thus Hrndlll digestion results in 
the generation of a 2.8- and a 1.5-kbp HindlW K sub- 
fragment (indicated by asterisks) in the deletion mutant 
vP872 DNA (Fig. 2; lane 2). These results were con- 
firmed by probing the DNA with purified, radiolabeled 
Hin6W K fragment (Fig. 2; lanes 5 and 6). 

Confirmation of the specific deletion of the K3L ORF 
by substitution with Ecogpt is further provided by hy- 
bridization with radiolabeled K3L-epectfic and Ecogpt- 
specific probes (Rg. 2; lanes 3. 4 and 7. 8, respec- 
tively). As shown by the autoradiograms, with wild-type 
DNA the 4.6-kbp HindlW K fragment hybridized with the 
K3L-specific probe (Fig, 2; lane 3) ( and no hybridization 
occurred with the Ecogpr-epecific probe (Fig. Z\ lane 
7) Conversely, the DNA obtained from the K3L dele- 
tion mutant vPB72 did not hybridize to the K3L-specific 
probe (Fig. 2; lane 4) t but the fcoypr-specific probe did 
hybridize to a 1-kbp Hmd\W fragment (Fig. 2; lane 6), a 
result consistent with the substitution of the K3L ORF 
with a 1-kbp Ecogpx expression cassette flanked by 
HindlW restriction sites. 

To assess the effect of the K3L-specific deletion on 
protein synthesis in IFN-treated W-infected cells, wild- 
type VC-2 or the deletion mutant VP872 were inocu- 
lated onto L929 cell monolayers which had been pre- 
treated for 24 hr with increasing concentrations of 
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Fig. 1 . Aignment of tne ontire amino acid sequence of the K3L ORF (88 amino acids) from the Copenhagen strain of vaccinia virus (VC-2) (; 
with the first 120 amino acids of etF-2<* [9). This alignment has been optimized by gap insertions. The asterisk a; amino acid 51 of the elF 
sequonco denotos the serine residue which ia phosphorated by tne interferonMnduced PI kinase Ufa Amino acid homology was obtain 
using the FASTP {27) program of PCGENE egains: tho Swisprot database release 1 1 .0 (tntelltGeneTics. Inc., Mountain View, CA). 



mouse a//3 [FN. At 7 hr postinfection, cells were pulsed 
for 1 hr with [^methionine and then harvested. Ali- 
quots containing equal quantities of total protein from 
each sample were fractionated by SDS-PAGE. and ra- 
diolabeled proteins were visualized by fluorography as 
shown in Fig. 3. Uninfected cell controls showed no 
effect of IFN on host cellular protein synthesis even at 
IFN concentrations of 1000 IRU/ml (Fig. 3; lanes A-C). 
Viral-induced protein synthesis in wild-type VC-2-io 
fected cells was largely resistant to interferon, al- 
though a slight diminution was noted at IFN concentra- 
tions of 500 IRU/ml or greater (Fig. 3; lanes D-H). 
These results are consistent with previously described 
results for wild-type W-infected cells treated with IFN 
(3, 4). in marked contrast, the specific deletion of the 
K3L ORF greatly enhanced the sensitivity of viral-in- 
duced protein synthesis to IFN pretreatment (Fig, 3; 
lanes l*-M). IFN concentrations as low as 10 IRU/ml 
significantly reduced the level of virus-induced protein 
synthesis in vP872-infected cells (Fig, 3; lane J), Viral- 
induced protein synthesis in IFN-treated vP872-in- 
fected L929 cells was almost completely inhibited at 
IFN concentrations of 100 IRU/ml and higher (Fig. 3; 
lanes K-M). Sensitivity of viral protein synthesis to IFN 
observed in vP872-tnfected cells is not due to the ex- 
pression of the Ecogpt gene, since a W recombinant 
with an intact K3L ORF containing the identical Ecogpt 
expression cassette as vP872 displayed an IFN-resis- 
tant phenotype similar to wild-type W (data not 
shown). 

Consistent with the reduction in protein synthesis, 
viral replication was also found to be highly sensitive to 
the presence of IFN with the K3L deletion mutant 
vP872 (Fig. 4). Replication was reduced by almost 100- 
fold at lower IFN concentrations (10 and 100 IRU/ml) 
and fell below residual input virus levels at higher IFN 
concentrations (500 and 1000 IRU/ml). In contrast, the 
replication of wild-type vaccinia virus was reduced by 
less than a log even at the highest concentration of IFN 
tested (1000 IRU/ml). in the absence of IFN both wild- 
type and deletion mutant virus gave similar yields (Rg. 
4), consistent with the K3 L gene being nonessential for 
viral replication in tissue culture (12), 



These results strongly suggest that the WK3Lger 
is involved in the IFN-resistant phenotype describe 
previously for W {3, 4) end provides yet anoth 
glimpse into vaccinia/host cell interactions. Previousl 
three additional W-encoded gene products were d 
fined which may also enhance the pathogenicity of tt 
virus (73). The VGF {14), SERPINS (75), and the cor 
plement-binding proteins (16)/\n addition to the K3 
encoded function, ail potentially influence the replic 
lion of W in vivo and the control of the virus by specif 
and nonspecific immune effector functions. 

The mechanism by which the K3L gene produ* 
confers IFN-resistance remains to be detailed. It rru 
have similarity to previously reported mechanisrr 
which demonstrated that (/) an exogenous source < 
elF-2 could rescue protein synthesis in VSV-infecte 
L929 cell lysates {/ 7) or (2) an exogenous source < 
elF-2or was able to overcome the inhibitory effects c 
elF-2tx phosphorylation and enable the replication of 
mutant form of adenovirus type 5, which fails to e> 
press virus-associated RNA(/S, 7d). Of significance 
the plasmid^expressed exogenous source of elF-2< 
contained an amino acid substitution of a serine to a 
alanine at position 51 ( thu3 preventing the phosphor} 
lation at this position, en event highly correlated wit: 
transitional repression ( 16), The W K3LORF does nc 
contain a serine residue at the equivalent position. If 
terestingty, the activity of cerraln cellular protein ki 
nases is inhibited by pseudosubstrates (either withii 
the regulatory subunlt of the protein itself or as a syn 
thetic peptide) which resemble the kinase substrate 
but lack the phosphorylation site (20, 2I t 22). The K3L 
specified gene product may therefore impart IFN resis 
tance by binding competitively to the PI kinase u 
block cellular elF-2a phosphorylation. It is of interes 
that transcription of the K3L region occurs at eari} 
times postinfection {231 especially in light of previous 
findings which demonstrated that the W-mediated res 
cue of VSV from the antiviral effects of IFN requires 
early W RNA synthesis {24). 

The data presented here show that the W K3L gent 
plays an integral role in the resistance to interferon b) 
the Copenhagen strain of W. The WR strain of W alsc 
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Figl 2. Southern blot analysis of /V//>dlIUdigested DNA from dele- 
lion mutant vP872 (lanes 2. 4, 6, and 8) and from wild-type virus VC-2 
(lanes 1, 3. 5, end 7). Lanes 1 and z were hybridized with total VC-2 
DNA (VAC). Lanes 3 snd 4 were probed with a PCR-derrved fregment 
crxdailvxjly conlaloing the K3L ORF (K3l_J. Lanee 5 and 6 were hybrid- 
ced with isolated HindM K fragment IHrVid K) and lanes 7 and E were 
orobed with a PCR-denved fragment containing the Ecogpt gene 
(GFT), The arrowhead indicates the M/idUl K fragment of the wild- 
Type W and asterisks indicate the two HM\\\ fragments generated 
when the Ecogpt insert Is liberated from the K3L deletion mutant 
vP872. See makers m kilobasepairs ere provided in the left-hand 
margin of the figure. Deletion mutant vP672 was engineered in the 
Mowing manner. Both the upstream {5*) end the downstream (3} 
Sequences relative to tr*? K31 ORF were derived by PCFL The resul- 
tant fragments were digested with the appropriate restriction en- 
zymes and fixated together Into pB5-SK+ (Stratagene, La Jolla, CA) 
vector. The resultant plasmid was designated pK3LA A 1-kb H/ndlll 
fragment containing the £ coll gpt{Ecogpd gene (ATCC No. 37145) 
juxtaposed 3' to a 30O-op fragment derived from tne promoter region 
of li>c VX>2 hemorrhagic gene {7 4 6 4 £0) was inserted into the untquc 
Hrndlll ehe of pK3LA. The reaullam ptacmid, designated pK3Lgpt, 
was uced In Rtar\dard in two recombination experiments [11) with 
wild-type VC-2 as the rescue virus. Potential K3L-*n<nus mutants 
containing the Ecogpi gene under the control of the hemorrhagic 
promoter were selected by plating in the presence of selective me* 
titum containing mycophenolic acid {23. 30), Plaque-purified popula- 
tions were confirmed for the loss Of the K3L ORF by their inability to 
Hybridize to 0 KSL-specific probe. Wal DNAwaa extracted from puri- 
fied virions as described previously {3 1), digested with HindWl and 
fractionated on o 0.8% agarose gel. The gel was treated for transfer 
of DNA as desenbed previously 132). The DNA was transferred to 
Hybond-N (Amersham Corp., Arlington Heights, and immobilized 
by irradiation according to the manufacturer's specifications. Pre- 
hybndizetion, hybridization, and visualization were performed as 
previously described ( * ?}- 



Fig. 3. Effect of IFN on viral-induced protein synthesis in wild-type 
W ana deletion mutant vP672-infected L929 cells. L929 (ATCC No, 
CCL1) cell monolayers were pretneeted for £4 hr with 0. 10, 100, 
600, or 1000 IROVml of mooee <Jfi IFN (Lee BioMolecular Research 
Laboratories. Inc.. Sen Diego, CA). Cell monolayers were mock-in- 
fected (lanes A-C). infected with wiW-tyoe virus VC-2 (lanes D-HV or 
deletion mutant vP872 (lanes l-M) 31 an nvo.i. of 100. "C-radiola- 
beled protein size standards (Bethcsda Research Laboratories, 
Gaithersburg, MD) are indicated on the left. Cell lysatee were pre- 
pared as follows. After a 1-hr adsorption period, the inoculum was 
removed end the monolayers were washed . Two milliliters of mothio- 
nrne-fr*« modited Eagle's medium <lCN Row, Cost© Mew. CAJ con- 
taining 2% diafyzed F8S was applied to the monolayers. At 7 hr 
postinfection, medium was aspirated and 2 ml of the same medium 
supplemented with 25 *Ci/ml methionine (£. I. DuPont de Ne- 
mours & Co. Inc., Boston, MA) was applied to the monolayers. At 8 
hr postinfection, the medium was aspirated from the monolayers 
and washed wrth PBS. Lysates were prepared by three cycles of 
freeze-thawing followed toy clarification of the lysate. Total protein 
concentrations of the rycatcs were determined using the BtO-R^d 
Protein Assay kit (6<o-Rad Laboratories. Richmond, CA). which Is 
based on the Bradford method (33J. Equivalent quantities of total 
protein from each sample were fractionated by SDS-PAGE. The gel 
was fixed, washed, and treated with 1 M sodium salicylate. The gel 
was then dried and exposed to Kodak XAR-2 film for visualization. 



hae a K3L gene (25) which shares homology with elF- 
2<x and differs from its Copenhagen homolog by three 
base changes, two of which are conservative at the 
amino acid level. Preliminary results have shown that 
disruption of K3L gene expression in the WR strain also 
results in increased sensitivity to interferon (unpub- 
lished observations). Further, both vaccinia strains, 
Copenhagen end WR, are resistant to human lympho- 
blastoid IFN on human cells, K3L deletion mutants 
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Fig. 4. Effect of (FN treatment on viral replication of wild-type and 
vPe?2-infcc:e<i L929 cefl^. Each point represents the average of six 
pl^TSS from a representative experiment using (□) wild-Type virus 
VC-2 or (O) deletion mutant vP872, Vifol yields in the obaence of 
interferon are indicated by solid markers on the ordinate. A dashed 
line with hatchma Hcs is drawn from these points to the correspond- 
ing graph for continuity. Samples were treated identically as those 
for Fig, 3 except that following the adsorpxion period, 2 ml complete 
MEM was added ana harvest was at 24 hr pi Lysates were pre- 
parod as per Fig. 3 without clarification and plared onto monolayers 
of Vero cede (/ T). Samples were inoculated in duplicate and plated in 
triplicate. Plates harvested immediately following the acborpWn pe- 
riod had an average yield of 3.6 X 10* PFU. 



from both strains are rendered sensitive to human fym- 
phoblastoid IFN when tested on human MR05 cells 
(data not presented). Studies are currently underway to 
further define the role of the K3L ORF in the IFN-resis- 
tant phenotype in vivo. Additional studies are in prog- 
ress to further define the molecular mechanisms by 
which W evades the antiviral effects of interferon. 

These findings may also have practical relevance in 
the use of W-based vaccine candidates as immuniz- 
ing agents (26), since a vector sensitive to IFN may 
provide a means for drug intervention upon the unlikely 
event of an adverse vaccination reaction. 
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By definition, viruses are unable to replicate on their 
own but must enter a host cell and use the host-cell 
macromolecular machinery and energy supplies to rep- 
licate. During their replication within cells, viruses 
may exploit host-cell molecules and processes at the 
expense of the host cell . These injurious effects of viral 
replication in cells are one of the basic causes of viral 
disease. Therefore, precise knowledge of the mecha- 
nisms by which viruses replicate in specific tissues, 
spread, and cause disease must come, in part, from 
studies of the intracellular replication of the virus. 
Over the past 40 years, increasing understanding of the 
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mechanisms of viral replication has emerged from bio- 
chemical and cell biological studies of virus replication 
in cultured cells. Studies of viral pathogenesis have 
recently expanded to attempt to define the molecular 
events occurring in different cell types during the se- 
ries of stages that define viral pathogenesis within a 
host organism. This chapter will focus on the inter- 
actions of viruses with an individual host cell. Chapter 
10 discusses the events that lead to (a) spread of a virus 
from one cell to another within a host organism, (b) 
induction of disease, and (c) spread within the envi- 
ronment. 

Virus infection of a cell can lead to any of several 
possible outcomes. First, a nonproductive infection 
can occur, in which viral replication is blocked, and 
the host cell may or may not survive. Following the 
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nonproductive infection, the viral genome may be lost 
from the cell. Alternatively, the viral genetic infor- 
mation may become integrated as DNA in the cellular 
genome or may persist as episomal DNA in these sur- 
viving ceils. If the growth properties of the cell are 
altered to make it oncogenic, this would constitute an 
oncogenic transformation event (see Chapter 13). The 
virus may become dormant with little viral gene 
expression, and a latent infection results (see Chapter 
II). Second, a productive viral infection may result in 
which the host cell dies and lyses. Third, the cell may 
survive and continue to produce virus at a low level, 
resulting in a persistent infection (see Chapter 11). 
Which of these possible scenarios becomes the out- 
come of viral infection of a host cell is determined by 
the nature of the interactions between the virus and 
the host-cell constituents. For example, a nonprod- 
uctive infection may result if a host-cell component 
necessary for viral replication is not present. One of 
the main goals of this chapter is to describe the types 
of interactions between virus-encoded macromole- 
cules and the host cell which may define the ultimate 
outcome of a virus infection. This chapter will examine 
(a) the molecular and cell biological events that allow 
viral replication, (b) the ways in which viruses modify 
their host cells to promote their own replication, and 
(c) the kinds of mechanisms that may have evolved in 
cells to prevent virus infection. The types of experi- 
mental approaches utilized to obtain evidence for spe- 
cific virus-host interactions will also be discussed. 

The study of virus-cell interactions really started 
with the growth of viruses in cultured cells (47). Al- 
though infection of host organisms had given some in- 
dication of cell death resulting from viral infection, 
there was little clear evidence of other effects of vi- 
ruses on the host cell prior to the infection of cultured 
cells and the identification of cytopathic effect (CPE) 
of viruses on cells (46). The elucidation of viral rep- 
lication strategies in the 1950s and 1960s provided the 
broad outlines of virus replication. More recently, bet- 
ter probes for nucleic acids and proteins have allowed 
more precise descriptions of the molecular events of 
viral replication in a host cell. The techniques of mo- 
lecular genetics and cell biology have also defined the 
specific host-cell molecules and cellular compartments 
with which viral-encoded molecules interact. This pro- 
vides one of the second themes of this chapter. In ad- 
dition to defining the events of viral replication, mo- 
lecular and cell biological studies of virus replication 
have utilized viruses as probes of the eukaryotic host 
cell. Viruses often poke their way into host-cell me- 
tabolism in such a subtle way that understanding viral 
replication can provide knowledge of critical metabolic 
events of the host cell. Thus, viruses often mimic thcir 
host cell (or have evolved from the host cell; see Chap- 
ter 9) in such a way that viruses frequently provide a 
prototype mechanism for a specific molecular prob- 




lem. 1 n ma n y cases, the initial c v i d c n c c tor a s p e c i \ i l 
molecular event has come from the study of viruses 
and their intracellular replication processes. 

In addition to classifying virus-host-cell interactions 
in terms of the final outcome of the infection, virus- 
cell interactions can also be described in molecular 
terms with regard to individual replication events, f or 
example, the effects of viruses on the host cell cam be 
mediated by addition or substitution of a virus-specific 
macromolecule to a cellular complex or structure. Al- 
ternatively, the virus may mediate a covalent or non- 
covalent modification of a host-cell molecule. Virus 
infection may cause a disassembly or rearrangement 
of a host-cell complex or structure, or virus infection 
may lead to the assembly of a new infected cell-specific 
complex or structure in the infected cell. 

CYTOPATHIC EFFECTS OF VIRUS INFECTION 

One of the classic ways of detecting virus replication 
in cells is the observation of changes in cell structure, 
or CPE, resulting from virus infection. Some of the 
most common effects of viral infection are morpho- 
logical changes such as (a) cell rounding and detach- 
ment from the substrate (Fig. 1), (b) cell lysis, (c) syn- 
cytium formation (Fig. 2), and (d) inclusion body 
formation (Fig. 3). The occurrence of cell morpholog- 
ical changes resulting from CPE has even led to clas- 
sification schemes for viruses. Enders (46) proposed 
classifying viruses into the following groups: (a) those 
causing cellular degeneration: (b) those causing for- 
mation of inclusion bodies and cell degeneration: and 
(c) those causing formation of multinucleated cells or 
syncytial masses and degeneration, w ; ith or without in- 
clusion bodies. However, as described in Chapter 2. 
other classification schemes based on virion and ge- 
nome structure and modes of replication have provided 
much better ways of classifying viruses. 

The CPE of viruses on cells has also been called cell 
injury. These terms tend to emphasize the pathology 
of the host cell; however, from a virologist's point of 
v iew, we will see that many of the host-cell alterations 
by virus infection can now be explained as changes in 
the host cell that permit necessary steps in viral rep- 
lication. Thus, many of the CPEs or cell injuries are 
secondary effects of the virus doing what it needs to 
do to replicate and are not simply toxic effects of viral 
gene products on the host cell. However, there are 
some viral gene products that cause toxic effects to 
the host with no known purpose. For example the ad- 
enovirus virion protein named penton protein causes 
a rapid CPE on monolayer cells (233). The role of this 
effect on the host cell is unknown. In contrast, some 
virus-host-cell interactions cause no apparent injury 
to the host cell. 

A number of recent reviews and monographs have 
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v k ^ ^ * ^ % * FIG. 1. Cytopathic effect (CPE) due to virus 

^ ^JB ik. M. _ ^ infection. The center portion of the figure 



^ WkXl ^fc * ^fe & shows monkey (Vero) cells rounding up and 

w ^ W$ detaching from the substrate after infection 

j/r* 0^^^^ $ * % with herpes simplex virus type 1 (HSV-1). A 

.t— A ^ a. normal monolayer of cells is visible around 

the focus of CPE. The cells were fixed with 
methanol and stained with Giemsa stain. 
(Micrograph courtesy of M. Kosz-Vnen- 



examined both the various aspects of cytopathology 
and the causes of cell death (see, e.g., refs. 56», 110, 
and 202). The reader is referred to these for detailed 
discussion and references on these issues. Determining 
the primary cause of death of a cell resulting from viral 
infection can be a complex and difficult issue because 
of the many events occurring within the infected cell. 
The focus of this chapter will be an examination of the 
stages of viral replication within the host cell where 
interactions between viral gene products and the host 
cell take place. 

VIRUS INTERACTIONS WITH CELL UPTAKE 
MECHANISMS 

Viruses must enter the host cell to replicate. There- 
fore, they must cross the cell plasma membrane to gain 
access to the cellular synthetic machinery in the nu- 



cleus and/or cytoplasm. Virus entry into the host cell 
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nas been uiViucu nuu lwu f.A-iu.v \i) w-muu^ lw 
surface receptors and (ii) penetration of the plasma 
membrane. These two events will be discussed sepa- 
rately. 

Binding to Cell-Surface Receptors 

The first event in viral infection of the host cell is 
binding of the virus to the cell surface. The cell-surface 
molecule with which the virus first interacts or binds 
is called the cell receptor. It has been difficult to define 
the physiological receptor for viruses for several rea- 
sons: (a) a virus may bind specifically or nonspecifi- 
cally to a number of surface molecules; (b) a virus is 
a large ligand that can interact with a large surface area 
on the cell, thereby giving numerous cellular molecules 
that may cofractionate with a virus-receptor complex; 




FIG. 2. Syncytium formation due to virus in- 
fection. The arrow indicates a cluster of nu- 
clei within a syncytium formed after infec- 
tion of monkey cells with a syncytia-forming 
mutant strain of HSV-1 . The cells were fixed 
with methanol and stained with Giemsa 
stain. (Micrograph courtesy of M. Kosz- 
Vnenchak.) 
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FIG. 3. Inclusion body formation in infected cells. The 
arrow indicates an intranuclear eosinophilic inclusion in 
a cell infected with HSV-1. The inclusion is surrounded 
by a clear halo. The cells were stained with hematoxylin 
and eosin. (Micrograph courtesy of M. Kosz-Vnenchak.) 

or (c) a virus may have alternate receptors on individ- 
ual or different cells. Nevertheless, specific receptors 
have been defined for several viruses. Several ap- 
proaches have been used to attempt to identify virus 
receptors: (a) use of specific chemical compounds to 
compete for, and block virus binding and infection of 
cells; (b) use of monoclonal antibodies specific for cell- 
surface proteins to block virus binding; (c) enzyme 
treatment of the cell surface to remove receptor activ- 
ity; (d) purification of virus-receptor complexes; (e) 
use of anti-idiotypic antibodies to purify receptors; (f) 
gene transfer of receptor activity to receptor-negative 
cells, as well as cloning of transferred gene sequences; 
and (g) correlation of receptor activity with expression 
of a specific molecule on the cell surface. 

Viruses utilize a wide variety of cell-surface mole- 
cules as their receptors in that they can use protein 
molecules (see below), carbohydrates (66), or glyco- 
lipids (136) as their cellular receptors. Some receptors 
are specific molecules such as the CD4 protein mol- 
ecule, which serves as the receptor for human im- 
munodeficiency virus (HiV) on T lymphocytes 
(40,102). Other receptor molecules are widely distrib- 
uted molecular moieties such as sialic acid, which 
serves as the receptor for influenza (66), or heparan 
sulfate, which serves as the initial cell receptor for 
herpes simplex virus (HSV) (243). Because a molecule 
such as CD4 is restricted to certain types of cells, this 
receptor activity is restricted to a specific tissue. Other 
examples of known tissue-specific receptors are (a) the 
C3d complement receptor on B cells, which serves as 
the receptor for Epstcin-Barr virus (54,55,152), and 
(b) the acetylcholine receptor, which may serve as a 
receptor for rabies virus (124). Thus, as their recep- 
tors, viruses can utilize cell-surface molecules that 



normally serve the host cells as receptors for other 
molecules. In this way, viruses are utilizing the normal 
host-cell pathways for internalization of molecules or 
extracellular signals. 

Receptors may be species-specific also. For exam- 
pic, the poliovirus receptor is found only on primate 
cells and not on other mammalian cells (141). The 
block to poliovirus replication in murine cells is only 
at the surface because viral RNA introduced into mu- 
rine cells is infectious (82). Using sensitivity to poli- 
ovirus infection as a screen, a human gene encoding a 
poliovirus receptor was transferred into murine cells 

(143) . By identifying the human DNA sequences that 
correlated with receptor expression, the poliovirus re- 
ceptor gene was recently isolated from these cells 

(144) . The predicted amino sequence for the encoded 
protein indicates that the receptor is an integral mem- 
brane protein with characteristics of members of the 
immunoglobulin superfamily of proteins. Interestingly, 
the receptor for another picornavirus, human rhino- 
virus, is intercellular adhesion molecule- 1 (ICAM-1) 
(70,222), which is also a member of the immunoglob- 
ulin superfamily of proteins. 

Interaction of a virus with a ceiiuiar receptor rep- 
resents the first interaction between virus and host 
cell. Obviously, if the virus cannot bind to the host 
cell, infection cannot be initiated, and minimal effects 
on the cell are likely to result. Even if the virus cannot 
enter the cell, it is conceivable that virus binding could 
exert an effect on the host cell. For example, it has 
been hypothesized that binding of Epstein-Barr virus 
to the surface of a B lymphocyte can initiate the ac- 
tivation of the B cell (65,88). Thus, the virus particle 
could act as a ligand to initiate the transfer of a signal 
to the interior of the host cell. 

Entry into the Host Cell 

After binding to its surface receptor, a virus must 
cross the plasma membrane to replicate. Two general 
pathways have been defined for virus entry, namely, 
surface fusion and receptor-mediated endocytosis. 
These will be described separately. 

Surface Fusion 

Some enveloped viruses, notably the paramyxovi- 
ruses and the herpesviruses, are capable of fusion with 
the cell plasma membrane at the cell surface. Binding 
of the virus to the cell-surface receptor leads to fusion 
between the virion lipid envelope and the cell plasma 
membrane. This releases the viral nucleocapsid into 
the cytoplasm of the host cell, effecting penetration of 
the host-cell plasma membrane. Surface fusion of en- 
veloped viruses is promoted by virion surface proteins. 



ViRrs-Hns^^Mi. ]mika( Hons 



1 i 



For Scndai virus (for example), the fusion ll;) protein 
s synthesized as a precursor molecule thai ,s unable 
t0 mediate fusion. Ex., acellular Phases cleave t e 
'^cursor molecule after ,< is localized to ^ 
Lee or assembled onto the v.ru.n suriace. 1 <-< |v 
■ ce exposes a hydrophobic amino terminus o the I 
p oteir (86), which promotes fusion between the lipid 
envelope of the virus and cell plasma membrane. 



Endocytosis 

Some viruses, notably Semliki Forest virus and in- 
fluenza virus, enter cells by an endocytoUc pathway 
Zl exploits a normal cellular pathway tor ^uptake of 
materials bound to cell-surface receptors (2 12) rol- 
ling binding of the viruses to the cell surface , a clath- 
rin-coated invagination of the p.a^a pbran. 
called a coated pit, is lormea. « P'"v;r; . 



with the virion particle inside. Acidif.cat.on of the m 
Tenor of the vesicle is then promoted by a proton pump 
„ the membrane. As the P H drops, glycoproteins on 
111 11 „ , . „,,„f nr mat nnal chanee, 
the virion suriace undeigw a ^.o.. a r 

causing exposure of a hydrophobic portion of a virion 
surface protein. This hydrophobic region Promote^- 
s.on between the virion lipid envelope and the ves.de 
membrane, releasing the nucleocapsid into the cyto- 
plasm. At this point, the viral genetic material has en- 
Led the host cell. For viruses lacking a hp.d envelope, 
this pathway may also be used, but entry cannot be 
via membrane fusion. For adenovirus, it has been hy- 
pothesized that low P H activates one of the v.non sur- 
face proteins to lvsc the endosome membrane releas- 
ing the virion into the cytoplasm (168). Thus tor 
enveloped viruses, this mechanism is similar to surface 
fusion, except that fusion of the viral envelope with 
the cell membrane occurs within the host cell. The 
main difference may be the P H, and thus the cellular 
site, at which fusion occurs. 

Several experimental approaches may be used to 
distinguish these two pathways (49,137.-39). first, 
electron-microscopic (EM) observation of newly in- 
fected cells mav demonstrate a majority of vims po- 
licies being internalized in endosomes or undergoing 
fus.on at the cell surface. The low specific infective 
(or high particlc/plaquc-forming unit ratio) tor most an- 
imal viruses leaves open the possibility that virus par- 
ticles mav enter, or attempt to enter, the cell by non- 
productive pathways. Thus, although this can be a ye. y 
useful approach. EM studies can be misleading. Sec- 
ond, weak basic compounds, such as ammonium chlo- 
ride, accumulate in acidic compartments of the cell, 
such as endosomes. and raise their internal pH Be- 
cause the pH drop is greatest within these organelles, 
the compounds inhibit the entry and mfectivity ot vi- 
ruses through endocytosis more readily than that ot 
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,-uses bv endoevtosis leads to internalization ot viral 
surface proteins, whereas surface lus.on leaves the v.- 
non envelope surface proteins on the cell suriace as 
part of the plasma membrane. Thus, viral envelope 
proteins remam external and susceptible to protease 
digestion or reaction with ant.hod.es after virus entry 
by surface fusion. Through experimental approaches 
such as these, these two pathways ol virus entry can 
be distinguished. 

Separate cellular functions may be needed tor in- 
ternalization versus release of viral nucleocaps.ds As 
described above. HIV requires the CD4 molecule as 
a receptor. When the gene encoding CD4 was trans- 
ferred into human and murine non-T cells, CD4 could 
bind to the cells and successfully infect some of the 
cells (133) However, some of the cell clones derived 
from murine cells could bind virus and internalize it, 
but none of the early events of infection ensued. Thus^ 
there appear to be unique cellular products requircu 
after internalization of HIV for events such as 1 cease 
or uncoating of the virus. 

Once within the host cell, the viral genome must be 



uncoated and transported to the correct intrace 
site for transcription or replication. Many observations 
have led to a hypothesized role for the cellular cyto- 
skeleton in transport of the genome to the nucleus or 
to the correct place in the cytoplasm (see below), but 
few precise mechanisms for transport are known. 

VIRUS INTERACTIONS WITH THE CELLULAR 
TRANSCRIPTION APPARATUS 

Viral messenger RNA (mRNA) is needed in the cel- 
lular replication of viruses in order to encode viral pro- 
teins needed for genomic replication and virion assem- 
bly If the genomic RNA can be used as an mRNA 
directly (positive-strand virus), then synthesis of viral 
RNA need not precede initial rounds of translation. 
However, if the genomic nucleic acid is complemen- 
tary to mRNA (negative strand) or in the form of DN A. 
Je'novo synthesis of viral mRNA must occur If the 
virion contains an RNA polymerase, then synthesis ot 
viral mRNA may depend on cellular factors, but only 
to a limited extent. However, if the virus uses cellular 
polymerases to synthesize mRNA. specific mecha- 
nisms mav have evolved to promote transcriptional 
viral DN A. In the following sections. 1 will examine 
wavs in which viral infection alters host-cell transcrip- 
tion to facilitate the synthesis ot viral RNA. 

Inhibition of Cellular Transcription 

Infection w.th many viruses leads to an inhibition of 
transcription of cellular protein-coding genes by host 



RNA polymerase 11. I ; oi RNA viruses, which do not 
use host-cell RNA polymerases for their replication, 
the presumed advantage conferred by this activity 
would be to provide higher pools of ribonucleoside tri- 
phosphate pools for viral RNA metabolism. For UNA 
viruses, inhibition of host transcription might allow the 
host-cell RNA polymerase II to transcribe the viral 
genome by decreasing competition for triphosphate 
precursors and transcription factors. 

Little is known about how DNA viruses cause an 
inhibition of host-cell transcription, except for possible 
competition for RNA polymerase II and cell transcrip- 
tion factors. A possible mechanism for inhibition host 
transcription has been formulated for cells infected 
with the rhabdovirus, vesicular stomatitis virus (VSV). 
VSV infection causes rapid inhibition of host RNA 
synthesis, and this inhibition requires transcription of 
the viral genome (138,236). Ultraviolet (UV)-inacti- 
vation studies indicated that transcription of a small 
viral-encoded RNA called positive-strand leader RNA 
may be sufficient for inhibition of host transcription 
(71). The leader RNA accumulates in the cell nucleus 
early in infection (1 15) and associates with the cellular 
La protein (114) that binds transiently to nascent RNA 
transcripts (189). An oligodeoxy nucleotide with a se- 
quence identical to part of the leader RNA inhibited 
in vitro transcription of the adenovirus major late pro- 
moter and the VA RNA genes (72). A 65-kd He La cell 
protein binds to the oligonucleotide and can reverse 
the transcriptional block (73). Thus, this viral nucleic 
acid might bind a host-cell factor and prevent its bind- 
ing to cellular promoters, thereby inhibiting host-cell 
transcription. 

However, these experiments do not prove that the 
leader can inhibit transcription in vivo. Other workers 
have reported that viruses expressing very different 
amounts of identical leader RNAs can shut off host 
RNA synthesis equally well (44). Thus, there is no 
quantitative relationship between leader RNA and 
shut-off of host transcription. These studies do not 
prove or disprove a role for leader RNA in inhibition 
of host transcription, but they have raised the idea that 
viral gene products other than protein products can 
exert effects on host-cell metabolism. 



Mechanisms of Stimulation of Cellular RNA 
Polymerase Activity 

Packaging a Stimulatory Factor in the Virion 

HSV encodes a protein that is assembled into the 
virion and, when introduced into the cell, becomes a 
part of a transcriptional activatory complex that spe- 
cifically stimulates immediate early (a) gene expres- 
sion (21 ,177). Studies examining the mobility of DNA- 



protein complexes during gel electrophoresis have 
shown that this protein can form complexes with host- 
cell proteins (140,178), notably the octamer transcrip- 
tion factor 1 (C)TF-l); this factor binds to a sequence 
found in the a-gene promoters (62). It seems likely that 
one portion of the virion component binds to a DNA- 
binding protein (such as OTF-1) and that the other por- 
tion fra/i.v-activates gene expression (232). Thus, HSV 
provides for adequate transcription of its immediate 
early genes by bringing into the cell in its virion a pro- 
tein that binds to a host cell, sequence-specific DNA- 
binding protein, causing increased transcription from 
immediate early viral gene promoters containing the 
specific sequence. In this way, a new complex (or a 
complex with increased activity) is formed by the ad- 
dition of the virion protein. 

Modifying Host-Cell Transcription Factors 

Activity of host-cell RNA polymerases is increased 
after infection with several viruses such as adenovirus, 
herpes simplex virus, or pseudorabies virus. This is 
evident by induction of host-cell gene expression (153) 
or increased expression of other genes introduced by 
transfection (69,89). The mechanism of trans-c\ct\wi\- 
tion has been most extensively studied with the ade- 
novirus E 1 A gene product, the protein responsible for 
the increased polymerase activity after adenovirus in- 
fection (15,94). El A increases the expression of polll- 
transcribed genes (as described above) and pollll-tran- 
scribed genes (12,61,80). The promoter requirements 
for El A /ra/n-activation coincide with basal-level pro- 
moters elements (14,154). Because E 1 A does not bind to 
DNA efficiently, it is believed that El A increases tran- 
scription by affecting cellular transcription fac- 
tors. In fact, there is evidence that El A increases 

(a) the activity of the TFIIIC factor for polIII (80) and 

(b) the number or activity of specific polll factors 
( 108,109,121 ,213,242). In the case of transcription fac- 
tor TFIIIC, it has been hypothesized that activation 
by El A involves phosphorylation of TFIIIC (81). 
Thus, FT A evidently increases the general activity ot 
RNA polymerases by increasing the number or activity 
of probably several transcription factors, thereby in- 
creasing the activity of polll and polIII. In summary, 
the eff ect of El A should be to increase the level of 
transcription of viral genes. 

Induction or Fxpression of a New DNA-Binding Protein 

In addition to expressing proteins that complex spe- 
c ill cany wiin UiN /A-diuvjihl; pivKvmx .ii«> — 

code new DNA-binding proteins, f or example, acute 
transforming viruses can encode nuclear oncogene 
products (see Chapter 13). As shown by predicted 
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ammo acid sequence comparison and DNA-bmdmg 
studies, one retrovirus encodes a homolog ol the cel- 
lular transcription factor AIM (17). Thus, this retro- 
virus may directly affect transcription by encoding an 
altered form of a cellular transcription factor. 

Thus, viruses may stimulate transcription in the in- 
fected cell by (a) encoding a transcription factor that 
directly binds to DNA, (b) encoding a protein that spe- 
cifically interacts with a DNA-binding transcription 
factor, or (c) modifying the number or activity of cel- 
lular transcription factors. 



VIRUS INTERACTIONS WITH RNA PROCESSING 
PATHWAYS 

RNA splicing and transport to the cytoplasm are cel- 
lular pathways often utilized by viruses to mature their 
mRNA from nucleus to cytoplasm. In fact, the first 
evidence for RNA splicing came when the adenovirus 
late mRNAs were mapped on the viral DNA by R-loop 
hybridization (13,30). These studies showed that these 
mRNAs were encoded by noncontiguous regions of the 
genome. Splicing of the viral mRNA precursors is ac- 
complished by cellular enzymes recognizing splice 
donor and acceptor sequences in the vira! RNA. How- 
ever, some viruses use the cellular splicing mecha- 
nisms but regulate the extent to which the full-length 
transcript is spliced, for example, influenza and re- 
troviruses have transcripts that arc infrequently 
spliced (see Chapters 21 and 27). In cells infected with 
influenza virus, the viral NS1 and Ml RNAs are 
spliced to yield the NS2 and M2 RNAs, respectively, 
at a frequency of lO'/r (119,120). Although splicing of 
the NS1 RNA is inefficient, formation of the spliceo- 
some complex involving the snRNPs UK U2, U4, U5, 
and U6 is efficient (2). Thus, the block seems to occur 
after formation of the spliceosome complex. The block 
may be mediated by the structure of the RNA itself or 
by a viral-cncodcd protein. This appears to be a sit- 
uation in which virus infection regulates the extent of 
splicing of one of the viral RNAs, thereby regulating 
the levels of one of its own gene products. 

Adenovirus inhibits maturation of cellular mRNA at 
a different stage. In adenovirus-infected cells, cell 
transcripts arc synthesized and processed but do not 
accumulate in the cytoplasm (7). The adenoviral pro- 
teins E1B-55K and F.4-34K are required for this effect 
on the host cell (4.74.172). Inhibition of host-cell 
mRNA transport would be likely to favor expression 
of viral proteins. However, it is uncertain how dis- 
crimination between host and viral mRNA occurs. 
This system ma\ provide some important insights into 
the regulation and specificity of mRNA transport. 

The regulation of RNA maturation may also provide 
a mechanism for temporal regulation of viral gene 



expression, HIV encodes several regulatorv gene 
products from spliced mRNAs. One of these regula- 
tory gene products, the rev gene product, stimulates 
the cytoplasmic accumulation of unspliccd viral 
mRNAs that encode the viral structural proteins 
(50,103,134,199,217,227). Recent experiments have in- 
dicated that the rev gene product may promote the 
export of newly synthesized viral transcripts to the 
cytoplasm so that the splicing pathway is avoided 
(135). Thus, there may be cellular pathways that reg- 
ulate (a) the assembly of splicing complexes or (b) the 
maturationa! pathway into which a newly made tran- 
script enters. 

Influenza virus intervenes in the host-cell mRNA 
maturation pathway in another novel way. Influenza 
mRNA transcription from the genomic RNA segments 
occurs in the host-cell nucleus (77). Host-cell nascent 
transcripts are cleaved by a virus-encoded endonu- 
ciease, and the 5' end of the host transcript is used as 
a primer for synthesis of viral mRNA from the viral 
genome (19,174). Thus, influenza virus transcription 
complexes intervene in the host mRNA maturation 
pathway to obtain primer molecules for the viral tran- 
scription process. 

VIRUS INTERACTIONS WITH THE 
TRANSLATIONAL APPARATUS 

Once viral mRNA is available in the cytoplasm, it 
is translated by the host translational system to yield 
viral proteins. Many of the viral mRNAs are capped 
and contain a single major initiation site near the 5' 
end. Thus, translation of these mRNAs is similar to 
that of host mRNA. In fact, much of the original evi- 
dence for the model for eukaryote ribosome scanning 
an mRNA for an initiation codon came from the iden- 
tification and comparison of ribosome-binding sites on 
viral mRNAs (1 10). However, many other interactions 
of viruses with the host translational apparatus are pos- 
sible, ranging from host shut-off to host defense against 
shut-off. The following sections provide a general de- 
scription of the individual types of interaction between 
virus and the host translational apparatus. More details 
can be obtained in recent reviews (1 I 1,202). 

Inhibition of Host Translation 

After infection of the cells by many viruses, inhi- 
bition of host-cell mRNA translation occurs. Inhibition 
of translation of host-cell mRNA would provide the 
viral mRNA with increased availability of ribosomal 
sLibunits, translation factors. tRNAs. and amino acid 
precursors for protein synthesis. The extent to which 
shut-oft of host translation is essential for efficient 
virus replication remains to be determined. There are 
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viable mutant viruses that arc impaiied in their ability 
to shut off host translation (see, e.g., let's. 16. 182, and 
•>->]) The r/i.s-l mutant of IIS V is somewhat impaired 
for urowth as compared to wild-type virus (117,182) 
but "the relationship betw een poor growth and limited 
host shut-off by this mutant virus remains to be dem- 
onstrated, due to the difficulty in performing genetics 

on this tvpe of mutant. 

Inhibition of translation of host-cell mRNA can 

occur bv many mechanisms, and it is conce.vable that 

individual viruses could utilize more than one ot the 

following mechanisms. 

adation of Host mRNA 

After infection of cells bv herpes simplex, poxvirus, 
or' influenza virus, inhibition of host-cell translation 
occurs, and a decrease in the amount ot intact host 
mRNA is observed (52.90,156.186). Thus, degradation 
of the host mRNA due to virus infection is one poten- 
tial mechanism to provide free ribosomes and trans- 
itional factors to preferentially translate the viral 
mRNAs. In some tvpes of cells infected with herpes 
simplex virus, dc novo viral protein synthesis is needed 
for degradation of host mRNA (156,157). In other cell 
types, a virion component can induce host polysome 
disaggregation and mRNA degradation (201). The vi- 
rion^host shut-off (Wi.s) mutants of HSV produce vi- 
rions that are unable to inhibit host protein synthesis 
and degrade host mRNA (182.226). The vhs-\ mutation 
has been mapped within an open-reading frame of the 
HSV-1 genome (117). but the gene product has not 
been identified. The vhs gene product also destabilizes 
immediate carlv and early viral mRNA ( 1 16, 162,163). 
Thus there is no apparent discrimination between host 
and viral mRNA in this effect. In addition to providing 
a means for inhibiting host translation, this viral func- 
tion could promote the shut-off of immediate early and 
early gene expression in the HSV lytic cycle (163). 

Competition for the Host Translational Apparatus 

Some viruses may not utilize specific effects on the 
host-cell translational apparatus to allow efhcient syn- 
thesis of viral proteins. For example, it has been re- 
ported that VSV protein synthesis occurs preferen- 
tially in infected cells because (a) large amounts of viral 
mRNA compete for limiting ribosomes (130.203) or (b) 
the viral mRNA has higher affinity for ribosomes than 
cell mRNA ( 161). This is a controversial area because 
others have reported that (a) there is a specitic viral 
gene function responsible for host translational inhi- 
bition (221). and (b) impairment of host translational 
factors eIF2 (26) or elF3/4B (229) occurs in VSV-in- 
fected cells. There may be different mechanisms op- 



erating in different cells. Alternatively, more than one 
of the postulated mechanisms may be operating in one 
or more tvpe of host cell. For example, a slight im- 
pairment of the host translational system would help 
switch translation from host mRNA to the more abun- 
dant or more efficiently initiating viral mRNA (129). 
Thus, more than one of the postulated mechanisms 
could be operating here. 

Chanjjinu the Specificity of the Host Translational 
Apparatus 

After polio virus infection, translation of viral mRNA 
occurs and translation of host mRNA is inhibited. Ex- 

■. r_ ~* ~, 4 ,-w-. n tr-an chit r» nnlinvinis 
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RNA but not host or VSV mRNA (192). Thus, the 

specificity of the translational apparatus appears to 

have been changed so that viral RNA is preferentially 

, ^ i T :,,wk^.- on,iv.k of the infected cell extracts 
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has shown that the host translational component, cap- 
bindinc protein (CBP) complex, is inactivated in po- 
liovirus-infected cells due to cleavage of one ot the 
constituent proteins, the p220 protein (48). The CBP 
complex is needed for efficient initiation of translation 
of capped RNA (209). Poliovirus virion RNA is linked 
to a protein at its 5' end (78,158), but the protein is 
removed in the cytoplasm so that polysomal RNA has 
pUp at its 5' end (3). Thus, poliovirus infection inac- 
tivates the CBP complex so that translation of RNA 
not bearing capped 5' ends can occur more efl.ciently. 
It has recently been shown that poliovirus 2A protease 
is required for cleavage of p220 (16), but it seems that 
this enzyme does not directly cleave p220 (128). 

Initiation of translation can occur at an internal in- 
itiator codon on an mRNA molecule in poliovirus-in- 
fected cells possiblv bv internal binding of the nbo- 
somal subunits (169). This suggests that sequences 
within the untranslated 5' region of poliovirus RNA 
can direct ribosome binding and initiation at internal 
sites within the RNA. Therefore, there are two mech- 
anistic components involved in poliovirus conversion 
of the specificity of the translational machinery: (i) m- 
activation of the CBP complex so that initiation in- 
volving capped mRNA is decreased and (n) a sequence 
within the poliovirus RNA that promotes use of inter- 
nal initiation codons, possibly by ribosome binding in- 
ternally within the RNA. This effectively results m the 
switch in translational specificity. 



Host Response to Virus Infection 

Among the host responses to viral infection is the 
synthesis of interferon (see Chapter 14). Interferon is 
secreted from the infected cell, binds to a second cell, 
and initiates a series of events, at least two of which 
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have an impact on the translation of viral mRN A- lurst. 
interferon activates an en/.ymc called the 2\5'-oligo- 
synthetase ( 100). The synthesis of 2' .>'-ohgoadenylate 
bv this cn/vmc activates a ribonuclcase that degrades 
mRN A and rRNA (214). This effectively blocks viral 
mRN A translation. The second event is the induction 
of a kinase that phosphorylates the a subunit of the 
translation factor cIF-2 (146). This inactivates the 
translation factor and inhibits protein synthesis. 

Viral Defense Against the Host Response 

Some viruses, such as VSV and influenza, are very 

noxvirus and 
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adenovirus, arc relatively resistant to interferon. Vac- 
cinia virus expresses a factor that inhibits the double- 
strand RNA-dependent eIF-2a kinase (164,187,238). 
Also, in vaccinia-infected cells, 2\5'-oligoadenylate is 
produced, but the ribonuclease L is not activated 
(165,187). Thus, vaccinia virus seems to take active 
measures to prevent interferon-mediated inhibition of 
translation. 

Adenovirus ensures efficient translation of late 
mRN A by encoding a small RNA known as VAI RN A 
(183). The VAI RNA is specifically required for late 
viral translation (203.228). The tack of VAI leads to an 
activation of the ell ; -2a kinase and decreased elF-2u 
activity (184,204.21 1). It is believed that the VAI RNA 
binds to the kinase and prevents dsRNA activation. 
Thus, VAI would block interferon effects on the host 
cell (101) or activation of the kinase by dsRNA mol- 
ecules produced in infected cells, perhaps by sym- 
metrical transcription. 

Translational Frameshifting 

In addition to the normal ribosomal protein synthesis 
mechanisms, some viruses exploit a potentially inher- 
ent ability of the host-cell ribosomes to shift from one 
reading frame to another during protein synthesis. Dur- 
ing translation of the Rous sarcoma virus t>ai> protein, 
approximately V/t of the ribosomes shift reading 
frames to synthesize a gag-pol fusion protein (91 ). Spe- 
cific sequences in the RNA are required for the frame- 
shifting (92). Therefore, specific viral RNA sequences 
cause ribosomal slippage so that small amounts of re- 
verse transcriptase can be synthesized. This is one of 
the mechanisms used by viruses to express a limited 
amount of protein. 

Suppression of Translational Termination 

Expression of limited amounts of a viral protein can 
also be achieved bv suppression of a nonsense codon 



and synthesis of a poly protein, For certain retrovi- 
ruses, this is the mechanism used to express the pol 
gene (107,171). Like frameshifting, this ribosomal ef- 
fect requires r/.v-acting sequences on the viral mRNA 
(167). Again, viral nucleic acids direct cell piotems to 
perform certain activities that allow viral gene expres- 
sion in regulated amounts. 



VIRUS INTERACTIONS WITH THE CELL DNA 
REPLICATION APPARATUS 

Inhibition of Host-Cell DNA Replication 

Both RNA and DNA viruses cause the inhibition of 
host-celi DNA synthesis. The possible causes for this 
could be varied, as discussed below. The possible rea- 
sons for viral inhibition of cell DNA synthesis are (a) 
to provide precursors for viral DNA synthesis, (b) to 
provide host-cell structures and/or replication proteins 
for viral DNA synthesis, or (c) a secondary effect of 
inhibiting cellular protein synthesis. The possible 
mechanisms by which virus infection might inhibit cel- 
lular DNA synthesis are discussed individually. 



A Secondary Effect of Inhibiting Cell Protein Synthesis 

There appears to be a small pool of some essential 
cell DNA replication protein(s) because the rate of 
DN>\ chain growth decreases within minutes after in- 
hibition of protein synthesis (173.225). It has been pro- 
posed that some viruses, such as the herpesviruses, 
inhibit cellular DNA synthesis as a consequence ot 
inhibiting cellular protein synthesis (96). HSV and ad- 
enovirus DNA synthesis do not require the limiting 
cellular factor because their DNA synthesis continues 
independently of whether protein synthesis is ongoing 
or not (83,190). 



Displacement of Cellular DNA from Its Normal Site of 
Replication 

Herpesvirus infection has been variously reported 
to displace cellular DNA from the nuclear membrane 
(155) or to cause the displacement of cellular chromatin 
to the periphery of the nucleus (41.206). In either case, 
the cell DNA could be displaced from its normal lo- 
cation for replication because cell DNA synthesis has 
been reported to occur on the "nuclear cage" (139) or 
the nuclear matrix (11). The exposed sites on the nu- 
clear matrix may provide a structural framework tor 
viral DNA replication and late transcription (104). 
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Recruitment of Cell DNA Replication Proteins to Viral 
Structures 

Recent studies have shown that herpes simplex virus 
infection leads to a redistribution of the host-cell UNA 
replication apparatus (42). This type of event could 
serve the dual function of providing cellular factors tor 
viral DNA replication and also inhibiting ceil DNA 
synthesis, thereby reserving deoxynucleotide triphos- 
phates for viral DNA synthesis. 



complex. Herpes simplex virus encodes seven viral 
proteins required for viral DNA replication (2X,241). 
Although the identity and role of specific cell proteins 
needed for HSV DNA synthesis have not been defined, 
the cellular DNA replication apparatus is redistributed 
after HSV infection, and at least part of it colocalizes 
with viral DNA replication proteins in the cell nucleus 
(42). HSV DNA replication proteins also anchor them- 
selves onto the cell nuclear matrix (181), so several 
cellular proteins may be needed for optimal HSV DNA 
synthesis. 



Degradation of Cellular DNA 

leads rapidly to a marked 
inhibition of cell DNA synthesis. A virion-associated 
DNase enters the host cell nucleus and acts on single- 
strand DNA (175,176). This inhibition is clearly me- 
diated by the action of a virion component on the host 
cell. 



Addition of One or a Few Viral Proteins to the 
Cellular Apparatus 

Some viruses, such as the papovaviruses and par- 
voviruses, encode one or a few proteins which are in- 
serted into the host-cell replicate complex and redirect 
the host-cell DNA polymerase to replicate viral DNA. 
For example, the SV40 large T antigen (a) binds the 
SV40 DNA sequences that serve as the origin of DNA 
replication (230), (b) forms a complex with the a-DNA 
polymerase (214), and (c) acts as a helicase (219). 
Through these and possibly other activities, T antigen 
promotes replication of the SV40 chromosome. T an- 
tigen could be viewed as an origin-binding protein that 
substitutes for a cellular protein. The ability of SV40 
to replicate its DNA is evidently dependent on the in- 
teraction between T antigen and host-cell proteins, be- 
cause SV40 DNA replication cannot occur in extracts 
prepared from certain types of cells (126). The inter- 
action between T antigen and the polymerase u-pn- 
masc complex seems to define the species-specif icily 
(14S). Therefore, the permissivity of a cell for viral 
growth can be defined by the ability of a viral DNA 
replication protein to interact with the cellular DNA 
replication apparatus. 

Viruses Encoding a New Replicase Complex 

Other viruses, such as adenovirus and herpesvi- 
ruses, encode several proteins that form a major part 
of an infected cell-specific replicase complex. Ade- 
novirus encodes a DNA polymerase, a terminal pro- 
tein, and a DNA-binding protein (see Chapter 3D. Cel- 
lular proteins also form a part of the replication 



Viruses Encoding an Entire New Replication 
Apparatus 

The poxviruses replicate entirely in the cytoplasm. 
Indeed, DNA synthesis can occur in enucleated cells. 
Therefore, they must encode all (or nearly all) of the 
, • - „^~a~a r o n iinutinn of their DNA in the 
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cytoplasm. Similarly, retrovirions contain an enzyme 
capable of copying the genomic RNA into DNA. This 
step is not possible in cells without the virion enzyme 
because a cellular reverse transcriptase is not available 
to copy the viral RNA. For these viruses, DNA syn- 
thesis is usually not restricted in different cells because 
the viral enzymes are viral-encoded. 

Maintenance of Viral DNA Within the Host Cell 

There are two types of mechanisms by which viral 
DNA is stably maintained within the host cell. First, 
retrovirus DNA is integrated into the cellular genome 
after its synthesis by the reverse transcriptase (see 
Chapter 27). Integration is promoted by the viral m- 
tegrase function, but host functions can modulate the 
process. For example, the mouse F\-\ gene mediates 
a postpenetration block to murine leukemia virus 
(MuLV) DNA integration (75,127). Thus, this host 
gene can define the host range of MuLV in mouse cells. 

Second, viral DNA can be maintained as an extrach- 
romosomal circular molecule in the infected cell. For 
example, Fpstein-Barr virus DNA is maintained in 
latently infected lymphocytes as an episomal molecule 
(1) and requires a specific sequence, onP, for repli- 
cation and propagation of the genome in grow ing cells 
(245). Similarly, the bovine papillomavirus genome 
contains sequences (called plasmid maintenance se- 
quences) needed to maintain and replicate the DNA 
as an extrachromosomal clement (85.132). Replication 
of these viral DNA molecules requires trans-'dcimg fac- 
tors encoded by the viral genome and the host-cell 
DNA replication apparatus (see Chapters 30 and 35). 
In addition, these extrachromosomal elements appear 
to be subject to the normal copy number control ex- 
isting in the normal cell because there is a constant 



number of episomal copies of these viral DNA mole- 
cules per cell as the cells divide. Propagation and main- 
tenance as an extrachromosomal element constitutes 
an additional way in which viral genomes can interact 
with the host cell. 

VIRUS INTERACTIONS WITH CELL-PROTEIN 
MATURATION PATHWAYS 

Maturation of viral proteins in infected cells involves 
mostly host-cell metabolic pathways including locali- 
zation mechanisms, folding proteins, and enzymes that 
modify the primary translation product. Because viral 
proteins so often exploit the cell pathways, viral pro- 
teins have provided some very basic information about 
protein maturation pathways in the eukaryotic cell. 
However, exceptions exist where viral-encoded pro- 
teins themselves can affect protein maturation or mod- 
ify the cellular maturation pathways. In the cases 
where cellular mechanisms are altered, this may be a 
source of cytopathology . 

Utilization of Host-Cell Pathways 

Protein Targeting Mechanisms 

Fukaryotic cell proteins often contain specific sig- 
nals that target the protein to a compartment or or- 
ganelle within the cell. Individual viral proteins can 
contain all of the necessary signals for intracellular lo- 
calization, because expression of the individual viral 
proteins in cells either by transfection or from a het- 
erologous vector system leads to correct intracellu- 
lar targeting of the viral protein (63,181,191,193,231). 
In other cases, more than one viral gene pro- 
duct is needed for efficient, correct localization 
(25,97,185,244). 

Viral glycoproteins, especially the VSV glycopro- 
tein (G) and influenza hemagglutinin (HA), have been 
used extensively as prototypes for the study ot bio- 
genesis of plasma membrane proteins. These proteins 
utilize the signal receptor particle, endoplasmic retic- 
ulum enzymes, Golgi apparatus enzymes, and trans- 
port mechanisms to realize their proper structure and 
cell-surface location. Part of the evidence for the no- 
tion that transmembrane proteins are synthesized on 
membrane-bound polyribosomes and translocated co- 
translationally across the endoplasmic reticulum mem- 
brane while peripheral membrane proteins are synthe- 
sized on free polyribosomes came from the study ot 
virus membrane proteins (105,147). Detailed studies of 
in vitro insertion of viral membrane proteins into the 
endoplasmic reticulum membrane came from studies 
of the VSV G protein (195). Detailed genetic study of 
the VSV G protein has provided evidence for the loop 
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model for signal sequence insertion into the endo- 
plasmic reticulum (210). 

Similarly, viral nuclear proteins utilize cellular path- 
ways to enter the nucleus. In fact, a nuclear locali- 
zation signal was first identified in a viral protein (95). 

The need for proper protein folding and assembly 
for correct intracellular localization has become ap- 
parent from studies of viral proteins. For example, cor- 
rect folding and trimerization are needed for the influ- 
enza hemagglutinin (34,35,43,64,113) to localize from 
the endoplasmic reticulum to the Golgi apparatus. 
Folding and assembly of the proteins were monitored 
by (a) reactivity of the proteins with conformation-spe- 
cific monoclonal antibodies, (b) protease sensitivity, 
and (cj seumicruuuun ui pivn^m^ u,n\^ ^ompi^A^s 
velocity sedimentation gradients. Localization was 
monitored by cell fractionation and lmmunocytochem- 
istry. These studies also showed that mutant viral pro- 
r\\r folded wild-tvpr nrnteins ronre- 
cipitate in immunoprecipitates with a cellular protein 
induced under stress conditions (64,207). This cellular 
protein, called BiP or grp78, is a member of the hsp70 
family of proteins. It has been proposed that members 
of this family of proteins recognize incompletely or 
improperly folded proteins, catalyze their unfolding, 
and help them to attempt to fold into the correct con- 
formation (170). It has also been proposed that BiP 
might prevent abnormally folded proteins from being 
secreted and exposed to the immune system, thereby 
increasing the repertoire of epitopes recognized as 
tb self ' (64). The viral glycoproteins provide systems 
to study further the role of these cellular "chaperone" 
proteins in folding of normal proteins and in the me- 
tabolism of abnormal proteins. 



Protein Modification 

Many of the posttranslational modifications of pro- 
teins that occur in cells (i.e., cleavage, glycosylation, 
phosphorylation, acylation, or sulfation) arc per- 
formed by cellular enzymes. Most of these enzymes 
are ubiquitous, and thus their presence is not usually 
iimiting for viral replication in different cell types. One 
example of an exception to this is the presence of tis- 
sue-specific proteases that cleave specific virion sur- 
face glycoproteins, allowing the viral particles to be- 
come infectious (200). 

Some protein modifications in infected cells are the 
result of the direct action of viral-encoded gene prod- 
ucts. Some viral proteins are protein kinases, such as 
the v-src protein and related oncogene proteins 
(32.125). For the oncogene proteins, the major target 
proteins of the kinase activity are cellular proteins (87). 
Also, some viral proteins can act as proteases to make 
specific protein cleavages not readily made by cellular 
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enzymes ( 1 1 2 } . Mich as l he picornavii a I anil retrovirus 
proteases. 

Cellular protein modification activities can also he 
modified by viral infection. The polyoma virus hr-t 
gene function is required for transformation of non- 
permissive cells (8) and for proper assembly of pol- 
yoma virions (58). In cells infected with hr-t mutants 
altered in the middle T-antigen gene, phosphorylation 
of the polyoma major capsid protein is reduced. The 
polyoma middle-T antigen is known to bind to the cel- 
lular c-src protein and stimulate its tyrosine kinase ac- 
tivity (36). This kinase may phosphorylate another pro- 
tein kinase, with the ultimate effect being an increased 
phosphorylation of VP-1. Thus, this alteration in the 
cellular enzyme activity may be necessary for efficient 
assembly of infectious virus particles. 

EFFECTS OF VIRUSES ON CELL STRUCTURE 

Effects of Viruses on the Cell Membrane 

Viruses can alter the membranes of their host cell 
in at least two ways: (i) by promoting membrane fusion 
with neighboring cells and (ii) by altering the perme- 
ability of the cell plasma membrane. Both of these ef- 
fects may be exerted through the insertion of viral en- 
coded proteins within the membrane. 

Promotion of Cell Fusion 

Some enveloped virions have cell-surface proteins 
that facilitate fusion of the virion envelope with the 
cell-surface membrane. This property can confer on 
the virion the ability to promote fusion between ad- 
jacent cells. For example, in sufficient amounts, Sen- 
dai virus can bind to, and cause fusion between, two 
neighboring cells, leading to a polykaryon. In addition, 
viral glycoproteins expressed within the infected cell 
can migrate to the cell surface and promote fusion with 
neighboring cells. This latter phenomenon has been 
referred to as fusion from within to distinguish it trom 
fusion of adjacent cells caused by input virions, fusion 
from without (20). 

The induction of cell fusion may be a form of cy- 
topathology that is a side product of the membrane 
fusion activity that allows entry of the virus at the cell 
surface. It is not clear whether the fusion of the neigh- 
boring cells is necessary for ccll-to-ccll spread of virus. 

Altering Plasma Membrane Permeability 

Infection by viruses may cause an increase in perme- 
ability of the host-cell plasma membrane to ions, al- 



lowing, for example, an influx and increase of intra- 
cellular sodium ions. Because the translation of some 
viral mRNAs is more resistant to high sodium ion con 
centration than translation of cell mRNA (24), it has 
been hypothesized that this may favor translation of 
viral mRNAs. Indeed, increased osmolarity of the cul- 
ture medium inhibits host-cell translation ( 198,237) and 
allows preferential translation of viral RN As (32,160). 
For Sindbis virus, the increase in permeability seems 
to correlate temporally with shut-off of host protein 
synthesis (59), but membrane permeability changes 
occur later than host shut-off in cells infected with pi- 
cornaviruses (45,118,151). Furthermore, changes in 
ion flux do not account for host shut-off by certain 
other viruses (51,68). 

Increased membrane permeability to antibiotics and 
toxins in infected cells has also been reported (33,53). 
This was suggested as a possible antiviral strategy to 
kill infected cells (23). 

The cause(s) of the permeability changes in infected 
cells has not been defined. Insertion of viral proteins 
into the membrane was hypothesized to alter the 
permeability of the plasma membrane (23). RNA virus 
mutants unable to transcribe viral mRNA failed to alter 
the membrane permeability (99). Therefore, viral gene 
products expressed in the infected cell are necessary 
for the membrane changes, but no specific genetic de- 
fects have defined individual gene products required 
for altering the cell membrane permeability. 

One aspect of the mechanism of the change in 
permeability was studied by Garry et al. (60). They 
hypothesized that Sindbis virus might inhibit the so- 
dium pump in the plasma membrane which maintains 
the ionic balance within the cell. When they added 
ouabain (an inhibitor of the sodium pump) to unin- 
fected cells, protein synthesis was inhibited. However, 
when ouabain was added to Sindbis virus-infected 
cells, viral protein synthesis was not affected. In ad- 
dition, the Na" and K + concentrations did not change 
in infected cells upon ouabain treatment. These results 
indicate that Sindbis virus infection has an effect on 
cells similar to ouabain treatment. Therefore, for some 
viruses, increased membrane permeability may be a 
form of CPL that allows preferential biosynthesis of 
viral gene products. 



Interactions Between Viruses and the Cytoskeleton 

The cell cytoskeleton plays several roles in (a) the 
structure of the cell and (b) the transport and move- 
ment of organelles. Therefore, it should not be sur- 
prising that there are various associations between 
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viral macromolecules and the cellular cytoskeleton in 
the infected cell. 

Depolymerization of Cytoskeleton Filaments 

Infection by many viruses leads to a disruption of 
one or more cytoskeletal fiber systems. For example, 
infection of ceils by several viruses, including VSV 
(79.145,197), vaccinia virus (79,145), simian virus 40 
(67,196). canine distemper virus (84), frog virus 3 (149), 
and HSV (6,76,240) cause a decrease in actin-contain- 
ing microfilaments. Many of these studies have used 
immunofluorescence as an assay for microfilaments 
(see Fig. 4). Some studies have used DNase I inhi- 
bition as a quantitative assay for globular actin as a 
measure of actin filament depolymerization (see, e.g., 



ret 6). The mechanism by which this disassembly oc- 
curs has not been defined, but expression of HSV im- 
mediate-early and early proteins seems to be necessary 
and sufficient for microfilament depolymerization (76). 
Many of these viiuses, including HSV, canine distem- 
per virus, and frog virus 3, also cause a depolymeri- 
zation of microtubules in infected cells. In contrast, 
infection of cells by reovirus causes disruption of vi- 
mentin-containing intermediate filaments but spares 
the microfilaments and microtubules (208). Although 
the cause of the cytoskeleton changes is not clear, it 
is clearly a potential cause of the structural changes 
that occur in infected cells, such as cell rounding, be- 
cause the major cytoskeletal fibers play a role in main- 
\\ mornholoev. The cytoskeletal changes may 
not be primary effects of viral replication. Instead,^ 
other effects of virus infection., such as inhibition ot 




FIG. 4. Disruption of the cytoskeleton by 
virus infection. Uninfected (A) and HSV-in- 
fected (B) monkey cells were fixed, permea- 
bilized, and stained with fluorescein-conju- 
gated phalloidin. Phalloidin reacts with 
filamentous actin (f-actin) and thus reveals 
the distribution of microfilament bundles. 
(Micrographs courtesy of S. Rice.) 
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macromolecular synthesis, might lead to cytoskeletal 
changes. 

Incorporation of Cytoskeletal Components into Infected 
Cell Structures 

As described below, new structures called factories 
or inclusions are assembled in the nucleus or cyto- 
plasm for synthesis of viral nucleic acids and assembly 
of virions. In reovirus-infected cells, there is evidence 
that a specific cytoskeleton component is incorporated 
into the cytoplasmic inclusion bodies. EM studies 
showed that the inclusions contain several types of fil- 
ament Tnesc inciuue mkiunio'L^^ ----- 

80-A "kinky" filaments. Dales et al. (39) postulated 
that the 50- to 80-A filaments represented cellular fil- 
aments reorganized into the cytoplasmic factory. 

antibody 
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stained filaments in inclusions and that these may 
therefore be the cellular filaments reorganized within 
the inclusions. Thus, viral infection may exploit cel- 
lular structural elements to build replication factories. 

Interpretation of some immunofluorescence data 
has been complicated, however. For example, anti- 
actin monoclonal antibodies can stain intranuclear rep- 
lication compartments in cells infected with HSV (S. 
A. Rice and D. M. Knipe, unpublished results). How- 
ever, the anti-actin antibodies cross-react with the 
HSV immediate early ICP4 protein molecule on West- 
ern blots. Although this could be an example of mo- 
lecular mimicry (57) and could have some functional 
significance, the cross-reaction could be fortuitous. 
Most importantly for this discussion, the immunolog- 
ical cross-reaction of anti-actin monoclonal antibodies 
with ICP4 makes it difficult to localize actin by im- 
munofluorescence after HSV infection. 

Interactions of Viral Molecules and the Cytoskeleton 

The cellular substructure— the cytoplasmic cyto- 
skeleton, nuclear matrix, and membranes— provides a 
physical site and possibly some functional elements for 
many metabolic activities of the cell. The cytoskeleton 
provides (a) a substrate for polyribosomes, (b) struc- 
tural integrity for the cell, (c) a structural framework 
for organelle movement, and (d) part of a system for 
cellular movement. The nuclear matrix provides a sub- 
strate for transcription and DNA replication com- 
plexes. Therefore, it is not surprising that many viral 
macromolecules are associated with the cytoskeleton. 
Using gentle detergent extraction procedures, the fol- 
lowing have been shown to fractionate preferentially 
with the cytoskeleton and nuclear matrix: SV40 newly 
uncoated genomes, nascent RNA molecules, and RN A 
in transit from cytoplasm to nucleus (9,235): adeno- 



virus DNA (246) and HSV proteins in transit from cy- 
toplasm to nucleus (10,180); and VSV proteins during 
nucleocapsid assembly (29). Thus, it is likely that part 
of the subcellular compartmentalization of viral pro- 
cesses relies on the structural organization of the host 
cell. In addition, the virus provides for part of the com- 
partmentalization by specifying the assembly of in- 
fected cell-specific structures, such as the replication 
factories described below. 

Certain viral components have been shown to 
undergo specific associations with the cytoskeleton. 
For example, electron microscopy has shown adeno- 
virus to be associated with microtubules in infected 
cells, an association believed to reflect nuclear trans- 

port oi tne paremai viru^ orv. - w^wo T w a., v„ 

can bind to microtubules in vitro (131). Similarly, re- 
ovirus particles are associated with microtubules m 
infected cells (37), and reovirus particles bind to mi- 
_ r ^ t ..u,,i^ Q AKo viral nroteins and viral 
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factories codistribute with microtubules (5). Interest- 
ingly, colchicine does not lower virus yields but in- 
hibits formation of large cytoplasmic inclusions (218). 
The cytoskeleton may also play a role in virus assem- 
bly, because disruption of portions of the cytoskeleton 
can block budding of some enveloped viruses 
(166,220). In general, the cytoskeleton is thought to 
play' a role in providing a structure for viral replication 
or movement of macromolecules, but the precise mo- 
lecular mechanisms remain to be defined. 



Effects of Viruses on mRNA Association with the 
Cytoskeletal Framework 

Using a gentle detergent extraction procedure to iso- 
late the cytosketal elements, Lenk et al. (123) showed 
that polyribosomes were preferentially associated with 
the cytoskeleton fraction of the cell. Cervera et al. (27) 
showed that VSV mRNAs were also associated with 
the cytoskeleton fraction while being translated. These 
observations led to the hypothesis that cytoskeleton 
association was necessary for translation ot mRNA. 
As discussed above, viruses cause a disruption of por- 
tions of the cytoskeleton. Lenk and Penman (122) 
showed that poliovirus disrupted the cytoskeleton of 
HeLa cells and caused a release of host mRNAs from 
the cytoskeleton. 

It was also reported that adenovirus infection ot 
human KB cells caused a dissociation of host mRNA 
from the cytoskeleton (234). The correlation between 
shut-off of host translation and dissociation of mRNA 
suggested that dissociation of host mRNA might be a 
general mechanism for virus inhibition of host trans- 
lation. However, other reports have indicated that 
VSV (18) and adenovirus and influenza virus (98) in- 
hibit host translation but do not cause a dissociation 
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of host mRNA from the cytoskeleton. Poliovirus dis- 
sociation of host mRNA from the cytoskelcton has 
been confirmed (98). Thus, dissociation of the host 
mRNA from the cytoskelcton is not required for viral 
inhibition of host translation. Poliovirus may cause a 
more drastic rearrangement of the cytoskelcton 
(98, 122) than the other viruses; or by some other effect, 
such as cleavage of the P200 protein of the CBP com- 
plex (see above), poliovirus may destabilize the normal 
association between the CBP components and the cy- 
toskeleton (247). Therefore, the dissociation of host 
mRNA from the cytoskeleton in poliovirus-infected 
cells may be related to either (a) host shut-off or (b) a 
secondary effect of another' aspect of poliovirus ^infec- 
tion. If the two events are related, the study of poli- 
ovirus-infected cells could give further insight into the 
role of cellular factors and the cytoskeleton in protein 
synthesis. 

Assembly of Factories for Nucleic Acid Replication 
and Virion Assembly 

Viral replication proteins and assembled virions 
often accumulate in specific regions of the nucleus 



(e.g., inclusion bodies or replication compartments in 
cells infected with herpesviruses or adenovirus) or cy- 
toplasm (e.g., the Negri body in rabies-infected cells). 
The assembly of these new structures in the infected 
cell often displaces host-cell components from specific 
regions of the cell and leads to one form of CPE. 

The inclusion bodies, or areas of altered staining in 
infected cells, are useful in diagnostic virology because 
they are found at locations in the cytoplasm or nucleus 
(or both) which are characteristic of specific groups of 
viruses. Also, they show characteristic staining prop- 
erties in that they are basophilic or acidophilic. A more 
detailed consideration of the inclusion bodies formed 
by one virus, HSV, illuminates several important as- 

Fir^t the. devel- 
pects oi this lorm ui cyio^dmOiv/bj- 1 Ltl - 

opment of nuclear inclusions in HSV-infected cells 
goes through several stages. Second, the analysis of 
these inclusion exemplifies several approaches to the 
,.♦..,1., ,,;r-.. t ; n t^T-^rtinn<i with the host cell. 

Electron microscopy of herpesvirus-infected cells 
has revealed electron-translucent intranuclear inclu- 
sions surrounded by marginated and compacted cell 
chromatin (41,206) (Fig. 5). Light-microscopic obser- 
vation of nuclear inclusions reveals an hourglass ap- 
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F.G. 5. Electron-microscop.c V1 sua,izat,on of nuclear ^™^J^<^ .^fv? T°h« 
nuclear inclus,on. (Micrograph courtesy of D. Furlong and B. Ro.zman.) 
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FIG 6 redistribution of a DNA replication protein and 
a transcriptional activator protein by double-label im- 
munofluorescence. Monkey (Vero) cells infected with 
HSV-1 were fixed with formaldehyde, permeabilized with 
acetone, and reacted with the anti-ICP8 39S mouse mon- 
oclonal antibody and anti-ICP4 rabbit serum followed by 
rhodamine-conjugated goat anti-mouse immunoglobulin 
antibody and fluorescein-conjuga ted goa .ant^bbi n, 
munoglobulin antibody (as in ref. 106), A. Rhodamine flu- 



FIG.7. Immunofluorescence detection of sites o nucle 
acid synthesis in virus-infected cells. Monkey (CV-1 1 cells 
infected with HSVwere pulse-labeled for 15 mm with bro- 
modeoxyuridine (BrdU), an analogue of thymidine. The 
cel.s were fixed, permeabilized, and reacted with mouse 
anti-BrdU monoclonal antibody and rabbit anti-ICPB 
serum followed by rhodamine-conjugated goat anti- 
mouse immunoglobulin antibody 'luorescem-con- 
juqated goat anti-rabbit immunoglobulin antibody (as in 
ref 42) A' Fluorescein fluorescence showing the distri- 
bution of the HSV DNA replication protein ICP8. Rho- 
damine fluorescence showing the distribution of DNA 
synthesis sites. (Micrographs courtesy of A. de Bruyn 
Kops.) 



orescence, showing the distribution of the HSV DNA rep- 
lication protein ICP8. B Fluorescein fluorescence, show- 
ing the distribution of the transcriptional activator protein 
ICP4 C Phase-contrast micrograph of the same field. 



pearancc of the inclusions at early times and an eo- 
sinophilic staining at later times (150,216) (Fig. 3). 
Immunofluorescence experiments using antibodies 
specific for HSV DN A replication proteins have shown 
that viral DNA replication proteins accumulate in in- 
tranuclear foci by 3 hr post-infection and that these 
foci enlarge into globular nuclear structures called rep- 
lication compartments (42,181) (Fig. 6). The replica- 
tion compartments are likely to be equivalent to (a) the 
translucent nuclear inclusions seen by electron mi- 
croscopy (Fig. 5) and (b) the early nuclear inclusions 
seen by light microscopy. Bromodeoxyuridine pulse 
labeling followed by immunofluorescence detection of 
BrdU-substituted DNA has'shown that viral DNA syn- 
thesis occurs in the replication compartments (42) (Fig. 
7). This technique allows the determination of the cel- 
lular location of DNA synthesis. Similarly, in situ hy- 
bridization with a viral DNA probe has shown that 
progeny viral DNA accumulates m replication com 
partments (Fig. 8). 

The accumulation of progeny DNA [the probable 
template for late gene transcription; see Fig. 8 and 
the viral transcriptional rrn/rs-activator protein ICP4 
( 106) (Fig. 5)] in replication compartments suggests that 
late gene transcription occurs in the replication com- 
partments. Thus, late gene transcription may be com- 
partmentalized in infected cell-specific nuclear struc- 
tures. This may provide a system to study the mech- 
anisms involved in compartmentalization of transcrip- 
tion within the cell nucleus. 

Empty capsids may be assembled around dense bod- 
ies or in the inclusions within the infected cell nucleus 
(Fig. 5). Encapsidation of viral DNA appears to occur 
within the inclusion body itself (Fig. 5). Crystalline 
arrays of capsids and nucleocapsids may accumulate 
in inclusions in HSV-infected cells or in cells infected 



YlKl's I I< )S 1 -( A 1 1 I N I 1 K A( I K >\s 2 8 [\ 

with other viiuses. Thus, these intranuclear structures 
in herpesvirus-infected cells may be involved in the 
processes of DNA replication, late gene transcription, 
and nucleocapsid assembly. 

RKLKASK OF PROGENY VIRUS 

The mechanism of release of progeny virus from the 
infected cell depends on the structure of the virus. En- 
veloped viruses exit from the infected cell either by 
budding through the plasma membrane (Fig. 9) or by 
fusion of secretion vesicles containing virus particles 
with the plasma membrane (223). Thus, nucleocapsids 

.. , „ u . . A + U-,-,,.,»U iUj. rtl ,i-m'i m^mKr'inp Inrthamvyn- 
Call UUU Uiivjligii mC j^ahmd iii^nluiunv viiv. Aw 

viruses, paramyxoviruses, rhabdoviruses, and retro- 
viruses), directly producing extracellular virions, or 
through internal membranes such as the endoplasmic 
reticulum (ER) (rotaviruses)., FR and/or Golgi appa- 
ratus (coronaviruses and bunyaviruses), or inner nu- 
clear membrane (herpesviruses). The factors that de- 
termine the site of budding of a virus are not well 
understood, but the site of localization of the surface 
glycoproteins must be one important factor. 

Polarized epithelial cells have differentiated apical 
and basal surface plasma membranes. Thus, viruses 
budding through the plasma membrane or vesicles con- 
taining virus particles can traffic specifically through 
either membrane, For example, orthomyxoviruses and 
paramyxoviruses bud at the apical surface, whereas 
VSV and retroviruses bud at the basal surface. Viral 
glycoproteins have an intrinsic ability to localize to 
specific surfaces of polarized cells (see, e.g., refs. 93, 
179, 193 and 224), and this may be an important factor 
in deciding the site of virus budding in polarized epi- 
thelial cells. Sorting of proteins destined for the dif- 




FIG. 8. In situ hybridization detection 
of the location of viral nucleic acids in 
infected cells. Monkey cells infected 
with HSV-1 were fixed in formalde- 
hyde, permeabilized in acetone, and 
incubated with biotin-labeied HSV 
DNA. The cultures were heated to dena- 
ture the cellular DNA and the probe, 
and the culture and solution were 
allowed to cool. The cells were 
then reacted with mouse anti-ICP4 
monoclonal antibody followed by 
rhodamine-conjugated goat anti- 
mouse immunoglobulin antibody and 
f I uorescei n-conjugated avidin. A: 
Rhodamine fluorescence showing the 
location of the HSV frans-activator 
protein ICP4. B: Fluorescein fluores- 
cence showing the location of HSV 
DNA in the infected cells. (Micro- 
graphs courtesy of S. Rice.) 
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FIG. 9. Enveloped virus particles bud- 
ding from the infected cell surface. The 
arrows indicate VSV particles budding 
from the surface plasma membrane of 
infected Chinese hamster ovary cells, as 
visualized by electron microscopy. 



ferent surfaces appears to occur within the Golgi ap- 
paratus (188). Studies of the targeting of chimeric 
glycoproteins expressed from recombinant clones 
have yielded conflicting results. Some studies have in- 
dicated the ectodomain of the glycoprotein as con- 
taining the targeting signal (142,194), whereas other 
studies have not found the ectodomain sufficient to 
determine the site of localization (179,223). 

It has been generally assumed that unenveloped vi- 
ruses are released by lysis of the cells but that some 
unenveloped viruses may exit from the cell without cell 
lysis (159), and one report indicates polarized release 
of SV40 from epithelial cells (31). Thus, there may be 
cellular mechanisms utilized by viruses for the active 
release of unenveloped viruses which are not the result 
of lysis of the host cell. 

Once the progeny viruses have been released, they 
can initiate infection in new cells, and a whole new 
round of virus replication and interaction with a host 
cell can begin. 

SUMMARY 

The major points of this chapter can be summarized 
as follows: 

1. The ability of a virus to replicate in a host cell 
can be determined by the availability of specific 
host macromolecules in the host cell, These mol- 
ecules may be external, such as a receptor, or 
internal, such as a transcription or replication fac- 
tor. 

2. Some of the eytopathic effects of virus infection 
on a host cell are due to specific alterations in 
host-cell metabolism or structure that allow viral 



replication events. These eytopathic effects are 
not simply toxic side effects of virus infection. 
3. Interactions of viruses with host cells may in- 
volve subtle changes in the host cell, and under- 
standing of the nature of the interaction between 
viral gene products and the host-cell molecules 
provides insight into the workings of the host cell. 
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